Modifications of MXene layers for supercapacitors by Zhu, Yachao et al.
Any correspondence concerning this service should be sent 
to the repository administrator: tech-oatao@listes-diff.inp-toulouse.fr 
This is an author’s version published in: 
http://oatao.univ-toulouse.fr/27016 
To cite this version: Zhu, Yachao and Rajouâ, Khalil and Le Vot, 
Steven and Fontaine, Olivier and Simon, Patrice and Favier, Frédéric 
Modifications of MXene layers for supercapacitors. (2020) Nano 
Energy, 73. 104734. ISSN 22112855 
Official URL 
DOI : https://doi.org/10.1016/j.nanoen.2020.104734 
Open  Archive  Toulouse  Archive  Ouverte 
OATAO is an open access repository that collects the work of Toulouse 
researchers and makes it freely available over the web where possible 
Modifications of MXene layers for supercapacitors 
Yachao Zhu a, b, c Khalil RaJ·ouâ a, c Steven Le Vot a, c Olivier Fontaine a, c Patrice Simon b, c 
' , ' ' ' 
Frédéric Favier a, c, *
• Institut Charles Gerhardt Montpellier ([CGM), UMR 5253, Université de Montpellier, CNRS, 34095, Montpellier Cedex 5, France 
b CIRIMAT, Université de Toulouse, CNRS, INPT, Université Paul Sabatier, 118 Route de Narbonne, 31062, Toulouse, France 







The re-stacking of Ti3C2Tx-MXene layers has been prevented by using two different approaches: a facile hard 
templating method and a pore-forming approach. The expanded MXene obtained by using MgO nanoparticles as 
hard templates displayed an open morphology based on crumpled layers. The corresponding electrode material 
delivered 180 F g-1 of capacitance at 1 A g-1 and maintained 99% of its initial capacitance at 5 A g-1 over five
thousand charge-discharge cycles. On the other hand, the MXene foam prepared after heating a MXene-urea 
composite at 550°C, showed numerous macropores on the surface layer and a complex open 3D inner­
architecture. Thanks to this foamy porous structure, the binder-free electrode based on the resulting MXene 
foam displayed a great capacitance of 203 F g-1 at 5 A g-1 current density, 99% of which was retained after five
thousand cycles. In comparison, the pristine MXene -based electrode delivered 82 F g-1, only, in the same
operating conditions. An asymmetric device built on a negative MXene foam electrode and a positive Mn02 
electrode exhibited an attractive energy density of 16.5 Wh kg-1 (or 10 Wh L -1) and 160 W kg-1 (or 8.5 kW L -1)
power density. Altogether, the enhanced performances of these nano-engineered 2D materials are a clear 
demonstration of the efficiency of the chosen synthetic approaches to work out the re-stacking issue of MXene 
layers. 
1. Introduction
In the wake of graphene [1], other two dimensional materials [2], 
such as, 6-Mn02 [3-5], MoS2 [6,7] and MXene [8-10], have received a 
surge of interest from the material science community, as they offer, 
together with their unique "planar" physical peculiarities, an infinite 
number of surface chemistry opportunities, especially when compared 
with their carbonaceous flagship [11]. These opportunities have been 
explored in many application fields including electrochemical energy 
storage [12-14]. In the corresponding devices, both basal planes and 
defected edges are usually contributing to charge storage [15]. As a 
result, one can take profit of the strong in-plane covalent bonding and 
weak out-of-plane Van der Waals interactions between layers [16], to 
develop chemical strategies to provide or tune further active sites. These 
proceed by many chemical and physical methods including exfoliation 
[17], intercalation [18] and hybridization [19]. The main idea is to 
prevent the natural tendency of the individual 2D layers to restack to 
minimize the surface energy just as in the pristine material(s). By 
chemical engineering at the nanoscale, associating layers of 2D mate­
rials of different chemical compositions and physical properties offers 
wonderful opportunities to take advantage of resulting synergistic ef­
fects [20]. Potential combinations are unnumbered, imagination is 
probably the limit. As such, in the resulting composite, expanded, hybrid 
... materials, the opened 2D space between the layers can, for example, 
provide a "path" strongly suited for ion adsorption and transport. These 
characteristics have made 2D materials as very attractive electrode 
materials in batteries [21] and supercapacitors [22]. Two different kinds 
of supercapacitors (SC), can be distinguished, on the basis of the cor­
responding charge storage mechanism: electrostatic interactions in 
electrical double layer capacitors (EDLCs), and fast redox reactions near 
the surface material in pseudocapacitors [23]. With 2D materials, this 
classification remains as graphene is probably mostly EDLC type while 
exfoliated Mn02 birnessite is pseudocapacitive [24-29]. Composites 
obtained by stacking of EDLC and pseudocapacitive, EDLC and battery 
type, or battery type and pseudocapative 2D materials have been 
recently reported [30--33]. However, the anisotropy of material 
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properties could also be a critical drawback for 2D materials, especially 
in energy storage electrode materials. Although, both in-plane ionic and 
electronic conductivities can be remarkable, through-plane conductiv­
ities can be fairly limited. Depending on the layer orientation toward the 
current collector surface, perpendicular or parallel, electrode overall 
performance can be down-graded. 
MXene [34], as a remarkable 2D material, containing a conductive 
carbide core along with transition metal oxide-like surfaces and inter­
calated water molecules [35], triggered much attention and attracted 
worldwide researches in the field of energy storage and more specifically 
for supercapacitors [36-40]. MXene is prepared from the corresponding 
MAX phase by a chemical etching method, usually using a 
fluorine-containing solution. MAX phases are layered ternary carbides 
and nitrides with the formula Mn+1AXn, where M is an early transition 
metal (such as Ti, V and Nb), A is an element from A-group (usually Al or 
Si) and X is carbon and/or nitrogen [8,41,42]. Ti3C2Tx-MXene could be 
obtained by etching Ti3AIC2 in a mixture of LiF and HCI. T x stands for the 
termination moieties at the layer surface. Their chemical nature depends 
on the etching process. They have a strong impact on the electro­
lyte/electrode interface especially through the hydro­
philic/hydrophobic surface balance. Ti3C2Tx-MXene also shows up to 
�6700 S cm-1 of metallic conductivity which is highly favorable to fast
electron transfer [43-45]. However, as for other 2D materials, the 
MXene flakes tend to restack during the preparation process, resulting in 
a drastic Joss of the developed electroactive surface area, and hindering 
the electrolyte ion access into the electrode bulk [15]. To prevent this 
re-stacking issue and simultaneously enhance the through-plane ionic 
conductivities, alternative methods based, for instance, on the modifi­
cation of the layer morphology and texture have to be considered. 
In this study, exfoliated Ti3C2Tx-MXene was first prepared by a 
chemical etching method from Ti3AlC2 corresponding MAX phase. To 
prevent the re-stacking of the resulting individual layers, several routes 
were explored. First, nano-sized MgO particles were used as solid spacer. 
After removal of the particles adsorbed at the layer surface, electrolytic 
ions were able to be efficiently transported in between the layers of the 
resulting expanded MXene during the charge-discharge process. There­
fore, prepared expanded MXene (EM) electrodes showed enhanced 
electrochemical performances when compared to regular MXene. 
Alternatively, urea was used as molecular spacer or template. After a 
thermal treatment under argon atmosphere, a Ti3C2Tx-MXene foam 
(MF) was obtained. The resulting MF electrode showed an attractive and 
seriously improved capacitance performance, especially at high rate. 
When associated to a MnO2 positive-electrode in an MF //MnO2 asym­
metric device, an attractive energy density of 16.5 Wh kg-1 (or 10 Wh
L -1) was obtained at 160 W kg-1 (or 8.5 kW L -1) power density.
2. Experimental details
2.1. Preparation of MXene-Ti3C2 Tx suspension and pure MXene 
1 g LiF (Sigma, 99.98%) and 20 ml 9 M HCl (Sigma, 37%) solution 
were mixed in a plastic beaker and stirred for a few of minutes. 1 g 
Ti3AIC2 powders was then slowly added to the solution. The reaction 
temperature was kept at 35 °C for 24 h under constant stirring. The 
resulting Ti3C2Tx flakes were washed with water and separated by 
centrifugation until the pH value was - 6. The flakes were dispersed in 
250 ml H2O and treated by sonication for 1 h. Finally, the resulting 
Ti3C2Tx was recovered by a 1 h centrifuge step at 3500 rpm rotating 
speed. The average size of resulting MXene flakes is centered at 0.2 and 
2 µm (Fig. Sl). The pure MXene film was prepared by a simple vacuum 
filtration procedure on a PTFE membrane. 
2.2. Preparation of expanded MXene by hard templating method 
23 ml Ti3C2Tx MXene suspension (50 mg, 2.15 mg/ml) were 
dispersed in 27 ml 200 mg MgO (Sigma, nanopowder :S 50 nm particle 
diameter) suspension, and the solution was stirred for 24 h. During the 
filtration process, 40 ml, 3 M acetic acid (Sigma, 99.8%) were slowly 
added to remove the MgO template. After washing three times with pure 
water, the film was dried at 50 °c under vacuum. 
2.3. Preparation of the MXene foam and overlapped MXene foam 
23 ml Ti3C2Tx MXene suspension (50 mg, 2.15 mg ml-1) was mixed 
with 23 ml urea (Sigma) solution (200 mg with or without 0.1 M HCl). 
The resulting solution was stirred for 2 h. A thick disk was obtained by 
vacuum filtration. After drying it at 50 °C under vacuum, the resulting 
film was placed in a porcelain crucible and treated at 550 °c for 2 h 
under argon atmosphere. 
2.4. Preparation of Mn02 
0.1272 g MnC12 (Merck Schuchardt, anhydrous) was dispersed in 20 
ml H2O under continuous stirring. The same was done with 0.24 g 
KMnO4 (Sigma, 99.0%). The KMnO4 solution was slowly added to MnCl2 
solution. The resulting mixture was heated at 100 °c and kept for 6 h at 
this temperature under constant stirring. After filtration and rinsing with 
water, the powder was obtained by drying at 80 °C overnight. From the 
XRD pattern, the prepared powder was assigned to ô-MnO2 (Fig. S2). 
Corresponding SEM and TEM images are depicted in Figs. S3 and S4, 
respectively. 
2.5. Material characterization 
The crystal phase and structure of the prepared material films were 
examined by X-ray diffraction (XRD) using a Phillips X'Pert diffrac­
tometer with Cu Kcx radiation (À = 1.5405 Â). Morphologies were 
imaged by using a JEOL JSM-6300F scanning electron microscope 
(SEM). The element composition was analyzed by Energy-Dispersive X­
ray spectroscopy (EDX) in SEM. The thermal decomposition of MF was 
followed by thermo-gravimetry coupled mass-spectrometry (TG-MS) 
under Ar from room temperature to 800 °C (rate 5 °C/min). 
2.6. filectrochemical characterization 
Electrochemical measurements were performed in three electrode 
systems, symmetric device and asymmetric at ambient temperature by 
using a VMP3 multi-channel Bio-Logic electrochemical workstation. In 
three-electrode system, platinum foil and Hg/HgO/OH- electrode were 
used as counter and reference electrode respectively. The working 
electrode was assembled by two clean nickel foams with sandwiched 
binder-free MXene film in between and pressed under 10 Mpa for 30 s. 
Finally, the system was tested in 1 M KOH electrolyte. In the symmetric 
device, two identical working electrodes were prepared as follows. The 
electrode was prepared by mixing the active material, carbon black and 
polytetrafluoroethylene (PTFE) with a mass ratio of 60/30/10. The 
mixture was dispersed in a proper volume of ethanol under constant 
stirring. Then, the mixture was evaporated at 60 °C to get a slurry. With 
the adapted behavior, the slurry was rolled and, when dry, pressed in 
between two stainless steel thick sheets under 10 Mpa for a few tens of 
second. Finally, the round cutted suitable film was assembled into the 
Swagelok device. For asymmetric device, MnO2 was used as a positive 
electrode. For individual electrodes, capacitances are relative to the 
mass of active material while for devices, they are relative to the cu­
mulative mass of active materials in both electrodes. 
3. Results and discussion
The specific synthetic routes are depicted in Fig. 1. A suspension of
exfoliated MXene flakes was first prepared as described in the experi­
mental section (see Experimental detail.s above). In the present study, it 
was used as starting material for the preparation of other MXene-based 
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materials. The drastic changes in the corresponding XRD patterns shown 
in Fig. 2 are a crystallographic proof of the conversion of TbAlC2 MAX 
phase (Fig. 2a) to MXene (Fig. 2b). As usually observed for 2D materials, 
only the peak series characteristic of the layered structure of MXene 
remains after conversion while the other peaks, especially at about 39° 
28, disappear. An inter-layer distance of 11.15 Â was calculated for the 
prepared MXene from the 28 position of the (002) diffraction peak at 
7.87° 28. From Ti3AlC2 MAX phase (Fig. 3a) to MXene (Fig. 3b), the 
more open and disordered 2D morphology is also evidenced by looking 
at the corresponding SEM micrographies. 
To prevent the re-stacking of the MXene layers and eventually to get 
an even more open 2D structure, magnesium oxide was considered as a 
solid nano-spacer (Fig. 1, middle). Such a hard template has already 
been used for the preparation of carbons with hierarchical porosities 
including activated or doped carbons, graphene . . . [ 46-48]. It appears 
as suited for this purpose as it is easy to prepare and/or commercially 
available as nanoparticles that efficiently absorb material precursors, 
either in molecular, polymeric or solid states, through Van der Waals 
interactions and hydrogen bonds. Moreover, as such a template, it can be 
easily removed using a mild acidic post-treatment. MgO particles were 
first homogeneously dispersed in the suspension of Ti3C2Tx-MXene 
flakes by ultrasonication and vigorous stirring. Once the composite 
suspension filtrated, MgO nanoparticles are randomly and uniformly 
distributed in between the MXene layers. Commercial MgO particles 
were actually chosen for their diameter below 50 nm to fit the MXene 
flake size distribution (at 0.2 and 2 µm, Fig. Sl). This flake/particle size 
ratio promoted a consistent 2D sandwich composite structure build on 
flakes large enough to cover "many" particles instead of a simple/single 
particle wrapping that would restrain the development of the targeted 
expanded framework. Afterwards, MgO particles were slowly "digested" 
by gently pouring an acetic acid solution, and progressively washed 
away. The resulting film of expanded MXene was recovered after 
washing with water and drying. When comparing the XRD pattern of the 
expanded MXene as shown in Fig. 2 with that of the exfoliated MXene 
used as precursor, the structural impact of the MgO hard templating is 
obvious: While the MXene layered structure remains, despite a severe 
amorphization of the material related to the Joss of the long range order, 
a strong shift of the (002) peak towards lower angles is observed 
(Fig. 2c). As such, the interlayer distance increases from 11.15 to 13.60 
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Fig. 2. XRD patterns of Ti3A!C2 MAX phase (a), MXene (b), Expanded MXene 
(c), and Mxene Foam (d). 
SEM images in Fig. 3(c and d) show the side view of the prepared 
expanded MXene. The complex structure is built on large voids in be­
tween crumpled MXene layers. While voids are originating from the 
dissolution of MgO nanoparticles by acidic treatment, layer crumpling 
could be assigned to the mechanical stress induced by capillary forces 
during material drying. The resulting open 3D architecture, with inter­
connected channels and conductive walls, is anticipated to promote 
suitable ion diffusion and electronic percolation through the whole 
material volume. 
On the other hand, urea has been widely used as a reactant to syn­
thesize N-doped materials through a pyrolysis process, including nano­
structured metal oxides [ 49], carbides [50], carbons [51,52], etc. 
Although, such a doping is a conventional strategy in semiconductor 
processes, it has been more recently introduced in the synthesis of en­
ergy conversion and storage electrode materials, for oxygen reduction 
[53], supercapacitors [54] or LiS batteries [55], leading to enhanced 
electrochemical performances and stability. After mixing the 
Ti3C2Tx-MXene with urea, a thick disk was obtained by vacuum filtra­
tion. The re-staking of MXene layers is prevented by urea molecules 
Pure Mxene 
Acetic Acid 





Fig. 1. Synthesis scheme of the preparation of various forms of MXene, as re-stacked material after exfoliation (top), expanded MXene after re-stacking in presence of 
MgO nanoparticles (middle), and MXene foam from thermal treatment in presence of urea (bottom). 
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Fig. 3. Side views from SEM images of Ti3AIC2 MAX phase (a), Ti3C2Tx-MXene (b), Expanded Ti3C2Tx-MXene (c, d) and Ti3C2Tx-Mxene foam (e, f). 
trapped in between. In such a slightly acidic medium, cationic proton­
ated urea strongly absorbs at the negatively charged MXene flakes and 
the layers are efficiently kept apart when going to solid state. The 
resulting MXene@urea composite material was pyrolyzed at 550 °C 
under argon atmosphere. Ali synthetic details are given in the experi­
mental part above. SEM micrographies of the pyrolized Mxene@urea 
composites are depicted in Fig. 3e and f and Fig. 4b to d. Although the 
side view (Fig. 3e and f) is characteristic of the opening of the structure 
of the material induced by the synthetic process, the layered 
morphology of the pristine MXene (Fig. 3b) is hardly identified in the 
resulting disordered honey-comb structure. Moreover, discrepancies in 
the top views in Fig. 4 of MXene and the resulting material are spec­
tacular. While MXene shows a fiat and "plain" surface build on Ti3C2Tx 
layers (Fig. 4a), the pyrolysis of MXene/urea composite obviously 
generate numerous macro-pores through the layers, i.e. perpendicular to 
the surface (Fig. 4b-d). The resulting 3D structure based on a disordered 
self-assembling of exfoliated and porous layers displays a complex foam 
architecture. When comparing with the pristine MXene, the (002) peaks 
ofMXene Foam (MF) slightly shift towards greater 20 angles, suggesting 
a decrease of the inter-layer distance induced by the synthetic process 
(Fig. 2d). Such a shrinking can be assigned to the de-intercalation ofH20 
molecules during the thermal treatment, either free or solvating urea 
molecules, originally trapped in between the MXene layers. Moreover, 
during the process, MXene flakes are self-assembling as a foam structure 
by a pore-forming process that is confirmed by the appearance of a (11 O) 
peak at about 60.85° 20. This peak is characteristic of the ordering 
induced in the non-basal directions. Meantime, as confirmed by the 
(002n) peaks, some c-axis ordering remains [56]. 
As already mentioned, many authors have reported on the use of 
urea to N-dope various materials including carbons and carbides. To the 
best of our knowledge, any of these have mentioned such a drastic 
impact on the resulting material morphology, especially on pore gen­
eration. In the present case, the reactivity ofurea towards Ti3C2Tx layers 
at 550 °C can be assigned to the pore forming process and generation of 
the complex 3D foam structure. Surprisingly, it was not possible to 
demonstrate the presence of nitrogen as dopant in the resulting material 
by SEM-EDX (Figs. S5 and S6 and Table Sl). The TG-MS analysis per­
formed on an MXene/urea composite up to 800 °C, confirms the thermal 
decomposition of urea as ammonia, carbon monoxide, carbon dioxide 
and nitrous oxides. The mechanism of formation of MXene foams in­
volves these gases as generated C02 etches the carbon from 
Ti3C2.2T.-MXene (as calculated from EDX measurements in Table Sl) to 
drill holes in the layers, resulting in a Ti3C1 .7Tx-MXene foam. Generated 
gases, while confined during the thermal treatment, are suspected to 
induce mechanical deformations of the layers before to escape from the 
complex macroporous structure. 
Electrochemical performance of prepared electrode materials was 
investigated in three electrode configuration in 1 M KOH electrolyte. In 
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Fig. 4. The SEM images of pristine MXene (a) and MXene Foam (b---<l) surface view. 
Fig. Sa, the roughly rectangular shape of CVs at S mV s-1 demonstrates 
the pseudocapacitive behavior of prepared MXene-based materials. A 
similar behavior was also observed in 1 M Na2SO4 neutral electrolyte 
while in acetonitrile organic electrolyte, the electrochemical activity 
was limited (Fig. S7). As demonstrated by the CVs of the MXene 
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Fig. 5. Electrochemical characteristics of 
binder-free electrodes in three electrode 
configurations using 1 M KOH as electrolyte. 
(a) Comparison of CV curves of the prepared 
materials at 5 mV s-1 scan rate. (b) CV
curves of MXene foam electrode at various 
scan rates. (c) Comparison of the specific 
capacitances of the prepared material as a 
function of the applied current densities. (d) 
Comparison of the capacity retention of 
pristine MXene, expanded MXene and 
MXene foam at 5 A g-1 over 5000 charge­
discharge cycles. Dashed curve for MXene 
Foam corresponds to data withdrawn 
because of equipment failure. 
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rate, up to 100 mV s-1 at least, as only slight distortions are observed. In
the series, a quick comparison of the corresponding integral area at 5 
mV s-1 scan rate suggests that the MXene foam -based electrode presents 
the greatest capacitance. This was confirmed by the galvanostatic 
charge-discharge measurements at 5 A g-1 (Fig. S8a) used for specific 
capacitance calculations. The specific capacitance of pristine MXene is 
the lowest at 80 F g-1. For expanded MXene, capacitance is 112 F g-1. 
Finally, the greatest specific capacitance at 5 A g-1 was measured at 203
F g-1 (811 mF cm-2) for the MXene foam -based electrode. This
enhancement can certainly be assigned to the progressive opening of the 
material structures in the series leading to a larger electrochemical 
interface and greater number of sites available for electrolytic ions 
involved in charge compensation. The improvement in the ion transport 
capabilities of the materials is also confirmed by the specific capacitance 
retention at higher scan rate (Fig. 5b). In addition, the achieved 
capacitance of MXene foam in this paper exceeds other MXene-based 
supercapacitors. For instance, Zhao et al. [57] prepared a composite, 
in which RGO plays a role of conductive "bridge" to link with Ti3C2Tx 
blocks, thus showing a specific capacitance of 154 F g-1 at 2 A g-1. Zhu
and co-workers [58] decorated Ti3C2 layers with TiO2 by using a simple 
in situ hydrolysis and heat-treatment process. The synthesized com­
posite revealed a high specific capacitance of 143 F g-1 at 5 mV s-1. 
Yang et al. [59] deposited the binder-free Ti3C2 MXene/carbon nano­
tubes films onto graphite paper by an electrophoretic deposition 
method. The as-prepared electrode displayed 134 F g-1 at 1 A g-1. Shi 
et al. [60] synthesized a MXene foam by using a thermal treatment 
method to restrain the restacking issue. The obtained MXene foam 
exhibited a high capacitance of 123 F g-1 at 5 mV ç1. In the present 
study, starting with pristine MXene electrode at 48 F g-1, specific ca­
pacitances at 20 A g-1 ranked about the same as the Expanded MXene 
electrode shows 70 F g-1 and MXene Foam a remarkable 125 F g-1
specific capacitances (Fig. 5c and Fig. S8b). Moreover, the observed 
asymmetry of the galvanostatic curves is characteristic of limited 
Coulombic efficiencies. This behavior is actually shared by many 
MXene-based electrode materials [61-64]. Although a poor 65% 
Coulombic efficiency was measured for the MXene foam electrode at low 
current density (5 Ag-1), it reached up to 90% at 20 A g-1. For pure
MXene and Expanded MXene -based electrodes, fair Coulombic effi­
ciencies of 99 and 95% were measured, respectively. These values 
actually fit within the values reported in the literature with, in average, 
81 % Coulombic efficiency when titanium carbide MXene is the active 
material in such pseudocapacitive electrodes (Table S2). Moreover, 
Coulombic efficiencies as low as 60% were reported for an electrode 
based on a Ti2CTx/carbon nanotube film [65]. In the present study, 
limitations in Coulombic efficiencies are assigned to parasitic redox 
reactions, more specifically those involving the electrolyte, such as 
water reduction, and/or the MXene surface groups. The Faradaic origin 
of this (slow) phenomenon is supported by the improvement of the 
measured Coulombic efficiency as the scan rate (or current density) is 
increased (Fig. S9a). The detrimental effects of such parasitic Faradaic 
reactions are obviously related to the developed active surface area of 
the corresponding electrode material. As such they are progressively 
more marked for the electrode based on pure MXene, then expanded 
MXene, and finally MXene foam. Calculated Coulombic efficiencies were 
normalized by the active surface area of each electrode and plotted as a 
fonction of the applied current density (Fig. S9b). For ail the electrodes 
in the series, the behavior of the normalized Coulombic efficiency is the 
same when increasing the applied current density, confirming the 
dependence of the Coulombic efficiency towards the electroactive sur­
face area and the unique Faradaic origin of the parasitic reaction 
impeding the electrode Coulombic efficiencies. By the end, the 
improvement of the Coulombic efficiency with charge/discharge rate 
makes these materials as remarkably suited for supercapacitor applica­
tion, especially when using an MXene foam -based electrode for which 
the improvement is the greatest. A more detailed analysis was done on 
the kinetics of the charge storage in the various prepared MXene-based 
electrode materials. First, the Log-Log current versus scan rate curves 
were plotted from CV data at various scan rates (Fig. Sl 0). b slopes were 
calculated at 1.06 (pure MXene), 0.99 (Expanded MXene) and 1.02 
(MXene foam) and correspond to i = av' relationship [66-68]. Being 
close to 1, they suggest the charge storage mechanism in the corre­
sponding materials to mostly proceed through fast surface-controlled 
processes, hardly limited by diffusion of electrolytic ions in the elec­
trode bulk. Second, the stronger contribution of the surface material was 
especially confirmed for the MXene foam electrode by separating 
capacitive (surface) versus diffusion-limited currents in the corre­
sponding CVs operated at various scan rates (Fig. Sll). The corre­
sponding capacitive ratio are reported as an histogram in Fig. S12. It 
should be noticed that it is 71 % at 5 mV ç\ implying a significant 
capacitive/surface contribution to the overall measured capacitance, 
even at such a low scan rate. Furthermore, the capacitive contribution 
increases while raising the scan rate, suggesting that, at high rates, 
MXene foam stores charges mostly through surface reactions in the EDL. 
Nyquist plots shown in Fig. S13 confirm the similar behaviour of the 
prepared electrodes at high frequency, especially in terms of charge 
transfer resistance, but the straight and sharp increase of the imaginary 
part of the impedance (-Z") of the MF -based electrode in the low fre­
quency range confirms this material attractive capacitive performance. 
On the other hand, the cycle stability was tested for 5000 cycles by 
galvanostatic charge-discharge measurements at 5 A g-1 current den­
sity. The results are shown in Fig. 5d for MXene-based electrodes. 
Dashed curve, especially between cycles #2000 and #3000, corresponds 
to data withdrawn because of equipment failure. Finally, the pristine 
MXene keeps 94% of its initial specific capacitance, while expanded 
MXene and MXene foam show excellent 99% capacitance retention. 
The electrochemical performances of the prepared electrode mate­
rials can be rationalized by using Gogotsi statement on the various 
strategies to prevent nanosheet re-stacking to maximize the use of the 
developed surface area and enhance the electrolytic ion diffusion and 
transport [15]. As shown in Fig. 6a, the fiat layers of the pristine MXene 
are the less favorable material design in the series as nothing, in such a 
case, can prevent the natural trend of the layers to self-assemble in a 
re-stacked structure. The diffusion of the electrolytic ions is hindered by 
the limited inter-layer space and most of the electrochemically active 
surface corresponds to the external surface of the material. Ion diffusion 
perpendicular to the layer surface is only possible along the edges of the 
MXene particle. As such, corresponding electrochemical performances, 
especially specific capacitance and rate capability, are fair but also leave 
many room for improvement. In contrast, the morphology of the 
expanded MXene is inherited by the shape and the size of the MgO 
particles used as hard template. The open structure is promoted by the 
assembling of a composite made of exfoliated MXene layers wrapping 
MgO particles. After hard template removal in mild acidic conditions, its 
footprint remains, providing the assembled layers with a crumpled 
morphology and an enlarged interlayer space. The porosity generated in 
between the curved layers is obviously more favorable for in-plane fast 
ion transport and access to more active sites. As a consequence, both 
electrochemically active surface area and ion diffusion are greatly 
improved. So are the corresponding electrochemical performances. 
Unfortunately, diffusion through the plane is still limited to particle 
edges. This limitation can be overpassed by introducing porosity on the 
layers. The thermal decomposition of urea between or at MXene layers 
generate holes and promote a structure built on the assembly of curved 
porous layers. The resulting electrochemical performances of the pre­
pared foam take advantage of this complexe 3D structure showing 
simultaneously large interlayer spaces and many connexions through 
the layers facilitating access of the electrolytic ions to the entire volume 
of the electrode. 
The electrochemical performance of a symmetric device based on 
MXene foam -based electrodes (MF/ /MF) are shown in Fig. 7 and 
Fig. Sl5. The CV curves in KOH 1 Mat various scan rates are displayed in 
Fig. 7(a). A decent device rate capability is anticipated since, up to 300 
Y. Zhu et aL 
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Fig. 6. Schematic diagram of ion transport in different morphologies' electrode materials in supercapacitor. 
mV ç1 , distortions of the rectangular CV shape measured at low scan 
rate are very limited. Specific capacitance values were calculated from 
galvanostatic charging-discharging measurements at various current 
densities. Up to 20 A g-1, the signal kept the expected triangular shape
with limited Ohmic drop (Fig. S15a). Device energy and power densities 
were obtained from these measurements and reported in the Ragone plot 
shown in Fig. S15b. With electrode loadings at about 3.5 mg cm-2, the
energy density of symmetric MF//MF device is about 3.6 Wh kg-1 at
350 W kg-1 of power density. When relative to the cumulative volume of
MF in both electrodes, it translates as 2.5 Wh 1-1 at 2.5 kW 1-1.
Although these performances are limited, the aim of these measure­
ments, either in 3- and 2- electrode setups, is to highlight the specific 
behavior of MF electrode, notwithstanding the potential limitations by 
any other "counter" electrode material. The cycle stability of device was 
measured at 5 A g-1 over 8000 charge-discharge cycles. The calculated
87% capacitance retention confinn the fair stability of the electrode 
materials when operated in the given conditions (Fig. 7b). However, 
despite the promising electrochemical behavior of the electrode mate­
rial, in such MF/ !MF symmetric device, the operating voltage is limited 
to 0.7 V with a severe impact on the available energy density, especially. 
To address this issue, an asymmetric device was considered. lt was built 
on a MnO2 positive electrode (Fig. S16) and a MF negative electrode. 
Electrochemical results in KOH 1 M are summarized in Fig. 8. In com­
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enhancement as a 1.6 V cell voltage was obtained. Both CV and galva­
nostatic series of curves are characteristic of the pseudocapacitive 
behavior of the electrode components but the signal distortions are 
characteristic of lower rate capabilities (Fig. 8a and b). This was 
confinned when calculating the device power density at 160 W kg-1 or
8.5 kW L -1. In contrast, the effect of the larger cell voltage is expressed
by an enhanced energy density at 16.5 Wh kg-1, 2 to 3 times greater
than that of a C/ /C symmetric device based on activated carbon elec­
trodes in aqueous electrolyte [69]. When considering the volume of 
active materials in both electrode, the volumetric energy density 
reached 10 Wh 1-1 (4 times greater than that of a C//C device). During
the first 5000 charge-discharge cycles, the device capacitance progres­
sively increased to reach more than 110% of the initial value at 25 F g-1
(Fig. 8d). This increase can be assigned to a slow and progressive 
impregnation of both electrodes upon cycling. 
4. Conclusion
To address the re-stacking issue of exfoliated MXene layers, we 
successfully prepared and engineered the expanded MXene and MXene 
foam materials by a hard template approach and a pore-fonning 
method, respectively. As electrode materials, the binder-free MXene­
based materials showed promising electrochemical performance in KOH 
1 M, either in terms of specific capacitance, rate capability and long tenn 
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Fig. 7. The electrochemical characteristic of symmetric MF/ /MF device. (a) CV curves at various scan rates. (b) Cycling performance over 8 k cycles of charge 
discharge at 5 A g-1•
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Fig. 8. The electrochemical performance of asymmetric MF//Mn02 device. (a) CV cnrves at varions scan rates. (b) Galvanostatic charge-discharge test at varions 
current densities. (c) Charge-discharge cycling performance at 5 A g-1 over 5 k cycles. 
cycling. When moving from MXene to expanded MXene and MXene 
foam, the observed great improvement was assigned to the increase of 
the developed electroactive area and ion transport capability promoted 
by the morphology opening with larger interlayer space and pores 
through the MXene layers. MF was tested as electrode material in de­
vices. Both symmetric MF/ /MF and asymmetric MF/ /MnO2 devices 
displayed attractive rate capability and excellent cycle stability. More­
over, MF//MnO2 device exhibited a fair energy density of 16.5 Wh kg-
1
andlOWhL-1.
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